Introduction
In order to determine an element in any sample, a standard solution of the element is usually essential, especially for instrumental analysis. High-purity antimony(III) oxide is often used to prepare a primary standard solution of antimony. Primary methods of measurement, 1,2 including gravimetry and coulometry, are important to establish a primary reference material being traceable to SI. As well as gravimetric analysis, 3 coulometric titration was employed to determine the concentration of an antimony standard solution and the purity of antimony(III) oxide. 4 Since the coulometric titration is based on the oxidation of antimony(III), the content of antimony(V) should also be determined separately to know the total amount of antimony. A purity determination of such a raw material is needed, and it is always important to evaluate the amount of antimony(V) coexisting with antimony(III).
There have been many reports on speciation of antimony(III) and antimony(V) using a wide variety of methods, 5 including a kinetic method with fluorometry 6 or with spectrophotometry, 7 absorption spectrophotometry, 8 anodic or adsorptive stripping voltammetry, 9 flow constant-current stripping analysis, 10 volatilization separation with inductively coupled plasma optical emission spectrometry (ICPOES), 11 solvent extraction followed by anodic stripping voltammetry, 12 by spectrophotometry, 13, 14 by atomic absorption spectrometry (AAS), 15 by hydride generation (HG)/ICPOES, 16 or by inductively coupled plasma mass spectrometry (ICPMS), 17 cloud-point extraction followed by AAS 18 or by ICPOES, 19 polyurethane-foam separation followed by AAS or by neutron activation analysis, 20 solid-phase extraction followed by AAS 21 or by ICPMS, 22 adsorption separation followed by AAS, 23 by HG/AAS, 24 or by ICPOES, 25 column separation using immobilized amino acid followed by HG/ICPOES, 26 HG 27 with AAS, 28,29 with atomic fluorescence spectrometry (AFS), 30 with ICPOES, 31 with ICPMS 32 or with high resolution ICPMS, 33 flow injection with spectrophotometry, 34 with HG/AAS 35 or with HG/AFS, 36 anionexchange chromatography with ICPOES, 37 with ICPMS, [38] [39] [40] with isotope dilution-ICPMS, 41 with HG/ICPMS, 38 with HG/AAS 38, 42 or with HG/AFS, 43 thiourea-complex cationexchange chromatography with ICPOES, 44 size-exclusion chromatography with ICPMS, 45 adsorption chromatography with AAS, 46 and reversed-phase chromatography with ICPMS. 47, 48 However, there are a few reports on antimony(V) determination in a large excess of antimony(III). Though a kinetic method with spectrophotometry 7 has been reported for this purpose, its sensitivity was poor.
In the present study, a coulometric analysis method was developed for determining antimony(V) in antimony(III) oxide. According to Vogel's text, 49 arsenic(V) can be determined using the reaction with iodide ions; the text also suggested the possibility of an analogue reaction for determining antimony(V). In fact, antimony(V) reacted with potassium iodide in highconcentration hydrochloric acid; the released iodine was determined by the standard-addition method using coulometrically generated iodine. Though Bigois and Marchand 50 reported on the determination of total antimony in organic compounds by coulometric titration using thiosulfate as an intermediate reagent, their measurement principle was totally different from the coulometric analysis method in the present study. For the same purpose, another method based on ion-exclusion chromatography was also developed in the present study, where A coulometric analysis method and an ion-exclusion chromatographic method were developed for the determination of antimony(V) in a large excess of antimony(III). Antimony(V) reacted with potassium iodide in a high concentration hydrochloric acid; the liberated iodine was determined by the standard-addition method using coulometrically generated iodine. Using a Dionex ICE-AS1 ion-exclusion column, antimony(V) was eluted with 40 mmol/L sulfuric acid; on the other hand, antimony(III) was strongly retained on the column. The content, expressed as the amount ratio of antimony(V) to antimony(III), was 0.035% in a 10 g/kg antimony(III) solution prepared from an antimony(III) oxide reagent by the coulometric analysis method and 0.036% in a 1 g/kg antimony(III) solution prepared from the same antimony(III) oxide by the ion-exclusion chromatographic method. The results of both methods were in good agreement with each other. The detection limit of antimony(V) in antimony(III) oxide by the former method was 0.004% of antimony(III), and that by the latter method was 0.002% of antimony(III). antimony(V) was separated from the large excess of antimony(III) with 40 mmol/L sulfuric acid eluent. Neither of these methods has been reported for determining antimony(V) before. 51
Experimental

Reagents
Analytical reagent-grade chemicals were used, unless stated otherwise. Water was deionized and further purified by subboiling distillation.
The antimony(III) oxide used was from Sumitomo Metal Mining Co., Tokyo, Japan. Antimony(III) oxide was dried at 110˚C for 3 h before use. In order to prepare a 1 g/kg antimony(III) solution for the ion-exclusion chromatographic method, about 1.2 g of antimony(III) oxide were dissolved in 60 mL of 5.9 mol/L hydrochloric acid. The solution was warmed slightly at the last stage of the dissolution, and then diluted to 1 kg with water and 220 mL of 11.7 mol/L hydrochloric acid. The 1 g/kg antimony(III) solution was kept at ca. 4˚C until use. In order to prepare a 10 g/kg antimony(III) solution for the coulometric analysis method, about 2.4 g of antimony(III) oxide dried in the same way were dissolved in 60 mL of 5.9 mol/L hydrochloric acid. The solution was warmed slightly at the last stage of the dissolution, and then diluted to 200 g with water and 20 mL of 11.7 mol/L hydrochloric acid. The antimony(III) oxide from another source (Nacalai Tesque, Kyoto, Japan) was also used for the coulometric analysis method. The 10 g/kg antimony(III) solutions were kept at room temperature until use.
Antimony(V) chloride from Wako Pure Chemical Industries (Osaka, Japan) was diluted into 4 mol/L hydrochloric acid to prepare a 0.3 mmol/L antimony(V) stock solution for the coulometric analysis method. The correct concentration of antimony(V) in the stock solution was ascertained on the basis of the coulometric analysis method in the present study (vide infra).
Potassium hexahydroxoantimonate(V) K[Sb(OH)6] from Wako Pure Chemical Industries was dissolved into water to prepare a 500 mg/kg antimony(V) stock solution for the ionexclusion chromatographic method. The stock solution was further diluted with water to prepare a 99 mg/kg antimony(V) solution for the standard addition to the sample solution. The antimony(V) standard solution of ca. 10 mg/kg was determined by ICPOES at 206.833 nm with the external calibration method using antimony(III) standard solutions. The determination result corresponded to 103.0% purity (expanded uncertainty 3.6%) of the potassium hexahydroxoantimonate(V).
Apparatus
The instruments for the coulometric measurement were identical with those mentioned in a previous paper on the coulometric titration of antimony(III), unless otherwise specified. 4 A coulometric cell with no center compartment between a generator-electrode chamber and a counter-electrode one was used. The platinum generator-electrode used had a 20cm 2 area on each side. A dual platinum plate electrode was used as an indicator for iodine liberated or generated in the generatorelectrode chamber; each plate had a surface area of approximately 2 cm 2 . A voltage of 150 mV was applied across the two plates.
The ion-chromatography system employed was a DX-500 (Dionex Corporation, Sunnyvale, CA) equipped with an ICE-AS1 ion-exclusion column (9 mm i.d. ¥ 250 mm), a GP40 gradient pump, an AD20 UV absorbance detector, and an LC30 chromatography oven. An eluent (40 mmol/L sulfuric acid) and a washing solution (1600 mmol/L sulfuric acid) were prepared by diluting high-purity sulfuric acid (Kanto Chemical Co., Tokyo, Japan) with water. The eluent or the washing solution was purged by helium gas in each pressurized reservoir. The flow rate of the eluent was 0.80 mL/min, unless otherwise specified. The volume of the sample loop was 100 mL.
An aqueous solution of potassium hexahydroxoantimonate(V) has the maximum UV absorption around 190 to 200 nm as many UV-active inorganic anions. 52 In the ion-exclusion chromatographic method, the wavelength used for the detection of antimony(V) was 190 nm. Though hydrochloric acid is one of the possible eluents to separate antimony(V) from antimony(III), the UV absorption of the acid increases with a decrease of the wavelength in the UV region. Therefore, sulfuric acid was alternatively chosen, which had relatively small UV absorption.
Procedure of coulometric analysis method
The generator-electrode chamber was thoroughly washed with water before use. The whole electrolysis cell was put in a glove bag. Into the empty generator-electrode chamber, 97.5 mL of 4 mol/L hydrochloric acid, 2.5 mL of 11.7 mol/L hydrochloric acid, 20 mL of a 10 g/kg antimony(III) sample solution and finally 0.5 g of solid sodium hydrogencarbonate were put; the mixed solution was used as the generated medium. The sodium hydrogencarbonate was added in order to accelerate the displacement of the air dissolving in the generated medium. For the blank with no antimony(III) sample solution, 120 mL of 4 mol/L hydrochloric acid and 0.5 g of solid sodium hydrogencarbonate were used. In the case of the addition of an antimony(V) standard solution, the total volume of the generated medium (120 mL) was kept by reducing the volume of 4 mol/L hydrochloric acid. Afterwards, any operation was carried out in the glove bag. The electrolyte solution in the counter-electrode chamber was 0.1 mol/L hydrochloric acid. After nitrogen gas was purged in the glove bag and into the generated medium for approximately 1 h, a 2-g portion of potassium iodide which had been kept in the glove bag was dissolved into the generated medium; the nitrogen-gas purging was continued during a whole titration. It took a few minutes for potassium iodide to be dissolved, for the liberation of iodine to complete, and then for the indicator current to reach a stable value. The concentration of potassium iodide was 0.1 mol/L in the medium. Exactly 5 min later after the potassium iodide was added into the medium, the indicator current was recorded; then, at every 1 min a pulse current of 10 mA was applied, and a stable indicator current before spending the next pulse current was recorded. For the sample solution, electrolysis was carried out using a 10-s pulse current of 10 mA; it was repeated approximately ten times. For the blank, a 1-s pulse current of 10 mA was alternatively used. The results of the coulometric addition procedure are shown in Fig. 1 . The electrolysis time corresponding to the concentration of antimony(V) was determined by the usual least-squares method for the standard-addition curve.
Procedure of ion-exclusion chromatographic method
A 1 g/kg antimony(III) sample solution was used for the ionexclusion chromatographic method. A usual standard-addition method was employed. Each sample solution was manually injected into the sample-injection loop.
Results and Discussion
Coulometric analysis method Figure 2 shows the results of standard addition of antimony(V) on two sample solutions and the blank, where each point was determined by the coulometric addition procedure, as shown in Fig. 1 . All of the results in Fig. 2 were analyzed by the leastsquares method, assuming a single slope. The fact that a single slope can explain all results in Fig. 2 demonstrates no interference of the coexisting antimony(III). It is not impossible to determine antimony(V) without the standard addition illustrated in Fig. 2 , if the current efficiency of iodine generation is 100%. According to Rowley and Swift, 53 the current efficiency of iodine generation under the highly acidic condition of hydrochloric acid (0.6 to 4.2 mol/L) was apparently more than 100% using an applied current of 1 to 10 mA at a platinum anode of 7 mm ¥ 7 mm under the condition of 0.1 mol/L potassium iodide. The reason why the current efficiency exceeded 100% was explained by air oxidation; i.e., the current efficiency was substantially 100%. Under the condition of a high concentration of hydrochloric acid in the present study using an applied current of 10 mA at a platinum anode of 20 cm 2 area in the same potassium iodide concentration, the current efficiency is also expected to be nearly 100%. From the slope of the results in Fig. 2 , the purity of the raw material (antimony(V) chloride) used for preparing the antimony(V) solution was estimated to be ca. 92.5% on the basis of Faraday's law. The antimony(V) amounts in the sample solutions were obtained from the intercepts on the abscissas axis in Fig. 2 . The results after subtracting the small blank are summarized in Table 1 .
The operational blank was approximately 1 s or less of 10 mA, which basically resulted from the oxidation of iodide ions by the remaining air in the glove bag. The blank corresponded to less than one tenth of antimony(V) concentration in the sample solution under the experimental condition. If the remaining air was much more removed using a vigorously sealed glove box, the blank level could be much lower. The standard uncertainty of the intercept of the blank was 0.48 s of 10 mA. When the detection limit of the method was estimated by determining the concentration of antimony(V) equivalent to 3-times the standard uncertainty of the blank, it was 0.004% as the amount ratio of antimony(V) to antimony(III) in 10 g/kg antimony(III). -0.057 ± 0.010 c Nacalai Tesque 0.042 ± 0.004 a. The content is expressed as the amount ratio of antimony(V) to antimony(III). Unless otherwise stated, all measurements were carried out within 2 weeks after preparing each 10 g/kg antimony(III) solution or each 1 g/kg antimony(III) one. The 10 g/kg antimony(III) solutions and the 1 g/kg ones were used for the coulometric analysis method and the ion-exclusion chromatographic one, respectively. Each value following ± is the expanded uncertainty (the coverage factor k = 2). b. Different sample solutions prepared from a single lot of antimony(III) oxide were used for the coulometric analysis method and the ion-exclusion chromatographic one. c. The 1 g/kg antimony(III) solution was stored in a refrigerator for approximately 7 years before the measurement. Ion-exclusion chromatographic method Figure 3 represents an ion-chromatogram of 1 g/kg antimony(III). The first huge peak starting at 5 min obviously resulted from hydrochloric acid at the void volume. The peak at ca. 16 min probably resulted from slightly dissolved carbon dioxide, judging from our previous study using the same kind of ion-exclusion column. 54 The small peak at 19 min was from antimony(V), which was ascertained by standard addition. Figure 4 indicates the dependencies of the retention time of antimony(V) on the concentration of the sulfuric acid eluent. In the case of the water eluent, or the 1 mmol/L sulfuric acid one at the flow rate 1.6 mL/min, the antimony(V) peak was on the foot of the preceding huge peak of hydrochloric acid. The initial increase of the retention time with the eluent concentration at a flow rate 1.6 mL/min can be explained by suppression of the acid dissociation. Judging from the later decrease of the retention time, there might be a possibility of forming a polynuclear complex at a higher concentration of the eluent, because there is no report on the formation of any antimony cation. On the contrary to antimony(V), antimony(III) was strongly retained on the column. As shown in Fig. 5 , antimony(III) was eluted with 1600 mmol/L sulfuric acid. It was convenient that antimony(V) eluted earlier than antimony(III) in the ion-exclusion column. If the eluting order were to be opposite, a huge peak of antimony(III) would interfere with a peak of antimony(V) to some content. The column should be regenerated with sulfuric acid of relatively high concentration; approximately ten consecutive injections of the sample were possible before the regenerating operation. The antimony(V) amounts in the sample solutions were obtained by the standard-addition method (Fig. 6 ). The results are summarized in Table 1 . The content expressed as the amount ratio of antimony(V) to antimony(III) was 0.036% in antimony(III) oxide from Sumitomo Metal Mining, which was in good agreement with the result by the coulometric analysis method. The content of antimony(V) in a 1 g/kg antimony(III) solution stored in a refrigerator for approximately 7 years was only slightly changed, if at all. The 1 g/kg antimony(III) solution and the 10 g/kg one were kept until use at ca. 4˚C, and at room temperature, respectively; all measurements were carried out within two weeks after preparing each solution, except for the solution stored for approximately 7 years. Judging from the fact that the antimony(V) content in the antimony(III) of Sumitomo Metal Mining by the coulometric analysis method was in good agreement with that by the ionexclusion chromatographic method, the temperature of storage for such a short duration had no influence on the antimony(V) content. The detection limit of the method was estimated by determining the concentration of antimony(V) required to yield a peak height equivalent to 3-times the standard deviation of the peak observed for the sample solution. The amount of antimony(V) in the present study was very close to the detection limit (0.020 mg/kg, i.e., 0.002% of antimony(III)) in the case of UV detection; however, very sensitive detection can be expected by ICPOES or ICPMS.
Conclusions
In order to determine a small amount of antimony(V) in a large excess of antimony(III), both the coulometric analysis method and the ion-exclusion chromatographic method were developed. The determination results of antimony(V) in antimony(III) oxide by both methods were in good agreement with each other. The detection limit of the amount ratio of antimony(V) in antimony(III) oxide by the coulometric analysis method was 0.004% of antimony(III), and that by the ion-exclusion chromatographic method was 0.002% of antimony(III). 
